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Abstract
Climate change is leading to harsher resuspension events in shallow coastal environments influencing benthic nutrient
fluxes. However, we lack information on the quantitative connection between these fluxes and the physical forces. Two
identical experiments that were carried out both in May and August provided novel knowledge on the instantaneous
effects of resuspension with known intensity on the benthic dissolved inorganic (phosphate: DIP, ammonium: NH4

+,
nitrite+nitrate: NOx, silicate, DSi) and organic nutrient (phosphorus: DOP, nitrogen: DON, carbon: DOC) fluxes in the
shallow soft bottoms of the archipelago of Gulf of Finland (GoF), Baltic Sea. Resuspension treatments, as 2 times the
critical shear stress, induced effluxes of one to two orders of magnitude higher than the diffusive fluxes from the studied
oxic bottoms. The presence of oxygen resulted in newly formed iron oxyhydroxides and the subsequent precipitation/
adsorption of the redox-dependent nutrients (DIP, DSi, organic nutrients) affecting their fluxes. Resuspension-induced
NH4

+ and NOx fluxes were associated with the organic content of sediments showing the highest values at the organic
rich sites. NH4

+ showed the strongest responses to resuspension treatments in August, but NOx at the time of high
oxygen concentrations in near-bottom water in May. Foreseen increases in the frequency and intensity of resuspension
events due to climate change will most likely enhance the internal nutrient loading of the studied coastal areas. The
fluxes presented here, connected to known current velocities, can be utilized in modeling work and to assess and predict
the internal nutrient loading following climate change.
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Introduction

Shallow coastal areas function as buffer zones for nutrients
entering a marine ecosystem from its catchment. Sediment
resuspension caused by surface waves and near-bottom cur-
rents is a common phenomenon that has implications on min-
eralization and recycling of benthic nutrients of shallow coast-
al areas (e.g., Sloth et al. 1996; Thomsen et al. 2002; Ståhlberg
et al. 2006; Capet et al. 2016). Altered nutrient recycling may
in turn affect the productivity of overlying waters (e.g.,
Fanning et al. 1982; Porter et al. 2010). Although the different
effects of resuspension on nutrient cycling in the coastal areas
have been studied, the quantification of the effects of sediment
resuspension on sediment-water fluxes needs additional atten-
tion, since shallow area sediments supply significant amounts
of limiting nutrients to primary producers globally (Boynton
et al. 2018).
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Resuspension occurs when a critical shear stress, a force
needed to initiate movement of surface sediment particles, is
exceeded (e.g., Sheng and Lick 1979). In future, resuspension
events are foreseen to occur more frequently and to be stron-
ger in the marine shallow coastal areas including those of the
Baltic Sea (Räisänen et al. 2004; Danielsson et al. 2007). Due
to increased wind activity and possible change in the direction
of prevailing winds, most critical impacts may occur in areas
where the bottom sediments are currently more or less shel-
tered (Danielsson et al. 2007) and evenminor strengthening of
winds may markedly increase resuspension in shallow areas
(Jönsson 2005). This is especially relevant for the shallow
Baltic Sea where 25% of the total area is shallower than 20
m, and for its strongly eutrophied sub-basin, Gulf of Finland
(GoF) (mean depth 38 m) (e.g., Andersen et al. 2015).
Additionally, climate change is expected to increase the exter-
nal nutrient loading from the catchment areas to the estuarine
and coastal areas of the Baltic Sea due to increased annual and
especially winter runoff and shortened snow cover period
(Schneider et al. 2013; Huttunen et al. 2015). This emphasizes
the crucial roles of the physical and chemical processes affect-
ing the cycling of nutrients between sediment and water in
coastal areas. Therefore, it is important to gain knowledge of
the current prerequisites for sediment resuspension as well as
the effects of sediment disturbance on benthic nutrient cy-
cling. Such knowledge is valuable e.g. for different model
assessments used for predicting internal nutrient loadings in
the shallow coastal areas of the Baltic Sea in a changing
climate.

GoF has a wide, fragmented archipelago on its northern
shore (Winterhalter et al. 1981; Virtasalo et al. 2005; Jilbert
et al. 2017). The archipelago’s geographical complex shape
and varying bathymetry together with physical forces, waves,
and currents have created a mosaic like bottom sediment
showing great spatial differences in water and organic content
and grain sizes. Shallow bottoms of the archipelago differ in
susceptibility to sediment resuspension depending on the di-
rection and velocity of winds that create surface waves, water
currents, and upwelling events, which drive resuspension
(e.g., Haapala 1994). In the GoF archipelago, as in other shal-
low water areas of the Baltic Sea, sediment resuspension has
been shown to affect the benthic nutrient fluxes as well as
being responsible for the flux of sediment-bound main nutri-
ents (such as carbon, nitrogen, and phosphorus) from shallow
to deeper waters (Floderus and Håkanson 1989; Christiansen
et al. 1992; Heiskanen et al. 1998; Niemistö et al. 2018).
Consequently, the susceptibility of sediments for resuspension
and the nutrient retention capacity of sediments influence the
magnitude of internal loading and fluxes of nutrients into the
water column and to the deeper basins of the Baltic Sea
(Christiansen and Emelyanov 1995).

Benthic dynamics of some inorganic nutrients, such as dis-
solved inorganic phosphorus (DIP) and dissolved silicate

(Si(OH)4, hereafter DSi), depends on the physico-chemical
conditions (redox potential, sorption-desorption reactions) at
the sediment-water interface, in which resuspension may in-
duce changes. Resuspension-induced oxygenation of surface
sediments produces iron oxyhydroxides, which can bound
DIP and DSi (Anderson and Benjamin 1985; Pant and
Reddy 2001; Sundby et al. 1986; Niemistö et al. 2018).
Additionally, resuspension affects the sorption-desorption re-
actions on particle surfaces by altering the nutrient concentra-
tions in the ambient solution (Koski-Vähälä and Hartikainen
2000; Tallberg et al. 2008). Dissolved organic nutrients also
strongly associate with particles in coastal waters (Asmala
et al. 2014; Jilbert et al. 2017). Their benthic fluxes may be
affected by resuspension-produced iron oxyhydroxides that
can efficiently adsorb these nutrients (Dzombak and Morel
1990; Eusterhues et al. 2008; Skoog and Arias-Esquivel
2009). Benthic fluxes of ammonium (NH4

+) and nitrite+ni-
trate (NOx) can be altered due to resuspension (Spagnoli and
Bergamini 1997; Morin and Morse 1999; Niemistö et al.
2018). This is because microbial-mediated transformation
pathways of nitrogen either require the presence
(nitrification) or absence (denitrification) of oxygen (e.g.,
Thamdrup and Dalsgaard 2008), whose benthic fluxes may
be affected by resuspension (Almroth et al. 2009; Almroth-
Rosell et al. 2012; Moriarty et al. 2017; Niemistö et al. 2018).
Although resuspension evidently alters the benthic nutrient
fluxes in the Baltic Sea (e.g., Almroth et al. 2009; Almroth-
Rosell et al. 2012; Niemistö et al. 2018), there is a lack of
knowledge on the exact critical forces and water current ve-
locities that initiate these resuspension events, as well as on
the quantitative connection between water current velocities
and the magnitude of benthic fluxes in an archipelago area.

This study was conducted in the archipelago of the GoF,
Baltic Sea, in fairly sheltered soft sediments which encounter
episodic resuspension events in the present climatic condi-
tions. The sediments that vary in water and organic content
were studied to determine the critical shear stresses and the
instantaneous effects of resuspension on benthic nutrient
fluxes. The resuspension induced with known force was hy-
pothesized to significantly increase the benthic fluxes of inor-
ganic and organic nutrients to the water column, and thus their
supply for primary producers during the pelagic productive
season.

Material and Methods

Study Area

The study was conducted in the archipelago of Gulf of Finland
near the Hanko Peninsula. Rapid displacements of various
water masses caused by fluctuations in meteorological condi-
tions are common in the study area and due to this, the area is
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influenced by the surface water with different salinities (Gulf
of Finland: salinity 5–6 practical salinity units (psu); inner
archipelago: 3–5 psu; upwelling deep water: 7 psu) (Niemi
1975). Four stations were sampled over two seasons, spring
and summer, to cover the important periods for pelagic pro-
duction. Three of the study stations (1–3) were located in the
semi-enclosed bay Storfjärden and the fourth station (4) was
located on the outer edge of the archipelago (Fig. 1). All the
study stations were fairly sheltered from the prevailing south-
western winds. The stations that differed in depth were chosen
to cover bottom areas with different sediment characteristics
(e.g., grain size, water, and organic content) with oxygen pres-
ent in the bottom water (in situ measurements 0.5 m above the
bottom) through the productive season (Tables 1 and 2).

Experimental Design

Sediment Sampling and Critical Shear Stress Measurements

From each station, undisturbed sediment cores were collected
with an HTH gravity corer (Pylonex, Umeå, Sweden, inner
diameter 86 mm) (Renberg and Hansson 2008). The samples
were moved to the experimental columns of the LABEREX
chamber at the field (transparent polycarbonate core, height 30
cm, inner diameter 84 mm) (Lund-Hansen et al. 1999) in such
a way that approximately 13-cm-high water column was left
on top of the 15-cm-high undisturbed sediment core. During
the short transportation to the laboratory (less than 15 min),
the samples were kept cold and dark in a cool box with ice
packs (approx. less than ± 2 °C deviation to in situ
temperature).

For each station, critical shear stress (τcrit) was determined
(at in situ temperature 4.0–5.0 °C in May; 5.4–20.5 °C in
August) from four replicated cores that were collected 14 h
prior to the determinations (on 2 May and 3 Aug in 2014).
Before the critical shear stress measurements, the height of the
water in the experimental column was adjusted to 10 cm. For
this volume, the hydrodynamics of the chamber is known. The
critical shear stress measurements are based on the known
current velocities induced by the rotation of the four bladed
impeller and the light beam attenuation due to resuspended

particles in the experimental chamber with the sediment. A
software (PC) is used for controlling the rotation velocity of
the impeller and for recording the light beam (633 nm) atten-
uation data (see more in detail Lund-Hansen et al. 1999).
Critical current velocities at 100 cm from the bottom (U100)
were calculated by the equation (e.g., Lund-Hansen et al.
1997):

τ crit ¼ Cd � ρw � U 2
100 N m−2� �

; ð1Þ

where

Cd Drag coefficient (0.003, muddy sand)
ρw Water density (kg m−3)
U100 Current velocity (m s−1) 1 m above the bottom

Sediment Core Incubations and Nutrient Flux Determinations

Each station was sampled on a separate date in spring (5–8
May) and summer (4–7 Aug) in 2014. Seven sediment cores
were collected from each station for the nutrient experiments
as described above. Three of the samples were used as control
columns (C-columns) and in four of the samples resuspension
(R-columns) was induced with the strength of 2 × τcrit termed
U′. This is the current speed at 1 m above the sediment equal
to a 2 times higher critical shear stress. The sampling and
treatment for the columns were conducted in a dark tempera-
ture controlled room as follows:

C-columns were incubated over the period of resuspension
treatments, 2–3 h, at in situ temperature:

– Water samples were taken at the beginning and at the end
of the incubation

– If a significant concentration change occurred (paired t
test), the flux was calculated as mmol m−2 day−1 (Eq. 2)
(termed hereafter as the control flux, consists of diffusion,
possible gas ebullition, and benthic fauna activity)

R-columns were treated with 2 × τcrit for 10 min, at in situ
temperature:

Fig. 1 Map of the study area.
Stations 1–4, Tvärminne
Zoological Station marked with
closed black circle (contains data
from the National Land Survey of
Finland Topographic Database
01/2017)
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– Total incubation time for R-columns was 20 min (10 min
treatment + 10-min slow stirring), water samples were
taken before the treatment and after the 10-min slow stir-
ring phase (used to enable redox reactions to occur and to
standardize water sampling conducted with a slow si-
phon). R-columns underwent the resuspension within
the LABEREX chamber in a series (resuspension of all
cores was completed within 1–2.5 h)

– If a significant concentration change occurred (paired t
test), the flux was calculated (mmol m−2 day−1) (Eq. 2)
and compared with the statistically significant control
flux (if observed in C-columns) to separate that from the
resuspension-induced flux.

In order to avoid any gradients to establish, a slowly
(45 rot./min) stirring magnetic bar was placed in the
water column of the incubated C-columns and R-
columns that were waiting for the treatment. Dissolved
oxygen (DO) was measured with optical sensor
(YSI6600 V2 sonde, YSI Inc., Yellow Springs, OH,
USA YSI) to determine whether laboratory conditions
were comparable to the conditions in the near-bottom
water in situ. The experimental columns were closed
from the top, but not air-tightly to mimic the presence
and mixing of oxygenated near-bottom waters during
the experiments. The water turbidity was measured (op-
tical sensor, YSI6600 V2 sonde) to determine the level
of the resuspension treatment. The DO concentration
and turbidity were measured 5 cm above the sediment.
The water samples for the nutrient determinations were
collected from the same depth and into acid-rinsed bot-
tles with a siphon (small diameter tube was used as a
siphon to avoid creating suction close to sediment
surface).

Nutrient fluxes (F) (mmol m−2 day−1) were calculated as
follows:

F ¼ Cb−Cað Þ
t A

� V ; ð2Þ

where

Ca Nutrient concentration in the beginning of the
incubation/before the R-treatment (mmol m−3)

Cb Nutrient concentration in the end of incubation/after the
resuspension treatment (mmol m−3)

V Water volume in the experiment column (m3)
t time (day)
A Area of the treated sediment (m2)

Diffusive Fluxes Based on the Concentration Gradient
at the Sediment-Water Interface

The diffusive fluxes of nutrients (J) at the sediment-water
interface (termed hereafter as the SWI-diffusive fluxes) were
calculated according to Fick’s first law of diffusion (steady
state conditions assumed) as follows (Berner 1980):

J ¼ Φ� Dsed � dc

dx
; ð3Þ

where

Φ Sediment porosity
Dsed Sediment diffusion coefficient for each nutrient (cm2

s−1)
dc The concentration difference at the sediment-water

interface (mol m−2); between the pore water of the
surface sediment (at 0–1 cm depth) and water above
the sediment surface (at 5 cm)

dx The diffusion distance (m): 0.005 m

Sediment porosity Φ was estimated from total sedi-
ment mass (Wt) and sediment dry mass (Ws) according

Table 1 Mean (± standard deviation, SD) critical shear stresses (τcrit),
critical current velocities at 1 m above the bottom (U100) and current
velocities used in the resuspension experiments (U′, corresponds to 2 ×

τcrit)(top panel). Grain size distribution of mineral particles of surface
(top-most 1 cm) sediment (bottom panel)

Station Depth (m) May August

τcrit (N m−2) ± SD U100 (cm s−1) ± SD U′ (cm s−1) ± SD τcrit (N m−2) ± SD U100 (cm s−1) ± SD U′ (cm s−1) ± SD

1 6 0.040 ± 0.005 11.5 ± 0.2 16.3 ± 0.3 0.021 ± 0.002 8.4 ± 0.1 11.8 ± 0.2

2 20 0.019 ± 0.002 7.9 ± 0.5 11.2 ± 0.7 0.018 ± 0.002 7.8 ± 0.5 11.0 ± 0.7

3 34 0.017 ± 0.001 7.6 ± 0.2 10.7 ± 0.3 0.016 ± 0.001 7.3 ± 0.1 10.4 ± 0.2

4 14 0.019 ± 0.001 7.9 ± 0.2 11.1 ± 0.3 0.031 ± 0.008 10.1 ± 0.1 14.3 ± 2.0

Grain size distribution (%) Grain size distribution (%)

< 2 μm 2–63 μm 63–200 μm < 2 μm 2–63 μm 63–200 μm

1 6 3 64 33 2 65 33

2 20 16 71 13 3 79 18

3 34 33 65 2 36 63 1

4 14 17 72 11 25 68 7

Estuaries and Coasts (2019) 42: –2054 2071 2057



to Sarazin et al. (1995):

Φ ¼ ⌈1þ Ws

2:5 Wt−Wsð Þ ⌉
−1

ð4Þ

and Dsed according to Clavero et al. (1992):

Dsed ¼ Di � Φ3

1:28
ð5Þ

Di is the temperature corrected molar diffusion coefficient
(cm2 s−1) of the studied solute (DSi: Schulz 2006; DON, DOP
and DOC: Burdige et al. 1992; Boudreau 1996; DIP and NOx:
Li and Gregory 1974; NH4

+: Krom and Berner 1980).

Nutrient Determinations of Water Samples

The following nutrient concentrations were determined from
the water samples: total dissolved phosphorus (TDP) and ni-
trogen (TDN), dissolved inorganic phosphorus (DIP) and ni-
trogen forms (DIN: ammonium NH4

+, nitrate+nitrite NOx),
dissolved organic phosphorus (DOP) and nitrogen (DON),
dissolved organic carbon (DOC) and dissolved silicate (DSi).

All water samples were filtered immediately after the sam-
pling with 0.2-μmmembrane filters (prewashed syringe filter,
polyethersulfone, VWR International, USA). The concentra-
tions of DIP, NOx, DSi (Thermo Scientific Aquakem 250)
(Koroleff 1983) and NH4

+ (manual indophenol-blue method)
(Solórzano 1969) were determined spectrofotometrically from
duplicate samples. Themethod of Solórzano and Sharp (1980)
was used before spectrophotometric determination of TDP
concentrations. The concentration of DOC was determined
from acidified (80 μl of 2 mol l−1 hydrochloric acid into
20 ml of filtrate) duplicate samples with a total organic carbon
analyzer (TOC-VCPH, Shimadzu). The inorganic carbon was
purged following the catalytic combustion (720 °C) of organic
carbon, which was measured by infrared detection. The con-
centration of DOPwas obtained by subtracting DIP from TDP
and the concentration of DON by subtracting DIN from TDN.

Surface Sediment Characteristics, Pore Water
and Bottom Fauna Sampling and Analyses,
and Current Velocity Measurements

The pore water samples with three replicates from the surface
sediment (0–1 cm) were collected with Rhizon filters (Rhizon
CSS, 0.2-μm pore size, polyethersulfon membrane, 5-cm po-
rous, glass fiber strengthener, Rhizosphere Research Products,
Netherlands) (Seeberg-Elverfeldt et al. 2005) into 9-ml vacu-
um tubes at each station (on 28 April and 29 July in 2014).
The nutrient concentrations of the diluted samples (1:10) were
determined immediately after sampling as described above.
Additionally, the concentration of dissolved iron (DFe) was
determined from diluted (1:10) and fixed (nitric acid, 0.15 mlTa
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HNO3 65–69%, to 30 ml of sample) samples with the induc-
tively coupled plasma optical emission spectrometry (ICP-
OES, Thermo Scientific iCAP 6000) (precision and accuracy
< 5% as determined by in-house and reference standards).

Duplicate surface sediment samples (top-most 0.5 cm)
were collected on the dates of pore water sampling and ana-
lyzed for water content (%) by drying at 105 °C overnight and
for organic content (dried samples) by loss on ignition (LOI)
at 550 °C for 2 h. Total organic nitrogen (Norg) and carbon
(Corg) content of dried samples was determined with CHNS-
analyzer (Leco TruSpec Micro, US) (inorganic nitrogen and
carbon content assumed negligible, Jilbert et al. 2017). Grain
size distribution of surface sediment mineral particles was
analyzed with Malvern Mastersizer 2000 laser diffractometer.
Pretreated samples (organic material removed with H2O2,
freeze-dried) were soaked in 0.0134M sodium pyrophosphate
(Na4P2O7) prior to measurements and treated with the diffrac-
tometer’s ultrasound probe for 30 s to avoid flocculation of
grains. Measurement settings were as follows: general pur-
pose calculation model, measurement time 30 s, background
time 15 s., pump speed 2100 revolutions per minute (rpm),
and stirrer speed 550 rpm. The mean values of three measure-
ments per sample were used for further analyses.

Bottom fauna in the experimental cores was determined
after the nutrient experiments. Fauna was sieved (mesh size
0.5 mm) and preserved in ethanol and after determination to
genus level the number of individuals were calculated.

A recording current meter (Seaguard RCM, Aanderaa Data
Instruments, Norway, ADI) with a conductivity sensor was
deployed to station 2 at 1 m above bottom over the period of
June 2014–June 2015 to record the near-bottom currents
(0.5 h interval) in the Storfjärden basin (covers stations 1–3).
For station 4, the current meter was available and deployed
only for a short period, late June–mid-August in 2015, i.e.,
during the following year after the experiments.

Statistical Analyses

The spatial and temporal differences in critical shear stresses,
concentrations of pore water nutrients (top-most 1 cm), water,
and organic content of the surface sediment, and diffusive
nutrient fluxes based on the concentration difference of pore
water and near-bottom water were tested using analysis of
variance (ANOVA) (SAS Institute Inc. 2008). Paired compar-
isons were conducted using t test with Bonferroni correction.

The differences in the concentration of the studied solutes,
dissolved oxygen, and turbidity between the beginning and
end of the incubation (C-columns) or before and after the
resuspension treatment (R-columns) were tested using paired
t test. When, based on the paired t test, the difference in the
nutrient concentration was significant in both C- and R-
columns for a certain solute, the C-flux and R-flux were cal-
culated and their difference tested using Student’s two-sample

t test. The spatial and temporal difference of the significant C-
and R-fluxes was tested using ANOVA. The normality of
datasets (ln x + 1 transformed for the nutrient concentrations
and turbidity data) measured from experimental columns was
verified with Shapiro-Wilk test.

Results

Critical Shear Stresses and Current Velocities

The highest critical shear stresses (τcrit) were measured at sta-
tion 1 (0.040 N m−2) in May and station 4 (0.031 N m−2) in
August (t24 = 3.51, p < 0.05) (Table 1). A viscid biofilm at
station 1 in May and coarse organic material at station 4 in
August (visual observations) seemed to be reasons for the high
τcrit. For the other stations, the critical shear stresses showed
values from 0.017 to 0.019 N m−2 in May and from 0.016 to
0.021 N m−2 in August. The highest critical current velocities
(1 m above the bottom) corresponding to the critical shear
stresses for the stations 1 in May and 4 in August were
11.5 cm s−1 and 10.1 cm s−1, respectively. For the other sta-
tions, the values ranged from 7.6 to 7.9 cm s−1 in May and
from 7.3 to 8.4 cm s−1 in August (Table 1). The current ve-
locities used for inducing resuspension in the experiments
varied between 10.7 and 16.3 cm s−1 in May and between
10.4 and 14.3 cm s−1 in August (Table 1).

Frequency of Resuspension in the Study Area

In summer 2014, the wind conditions were quiescent and the
critical shear velocity (U100) at station 2 was not exceeded. In
autumn 2014 and following winter, however, both the critical
current velocity and the 2 × τcrit current velocity (U′) were
exceeded several times. Additionally, the critical current ve-
locity (determined in spring 2014) was exceeded few times in
spring 2015 and the highest observed current velocity was
close to the velocity used in the experiments (Fig. 2a,
Table 1). It has been shown that large water mass changes in
the Storfjärden area can affect all depths studied here
(Niemistö et al. 2018) and thus the current velocity measure-
ments conducted at station 2 are representative for the other
stations as well. During summer and early autumn in 2014,
salinity showed a pattern similar to the current velocity
peaking after highest velocity records (Fig. 2a), which sug-
gested that the highest records were due to upwelling events.
Such pattern was not as clear in late autumn and winter during
the absence of the thermal stratification and more mixed water
column.

For station 4, the recording current meter was available and
deployed only for the summer 2015, and U100 was exceeded
once. The current velocity peak was seen as a small increase in
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salinity, and therefore attributed to a minor intrusion of deeper
waters (Fig. 2b).

Sediment Characteristics, In situ Temperature,
and Dissolved Oxygen Concentrations

In each station, most of the mineral particles of the surface
sediments were in the size class of silt, 2–63μm (Table 1). The
proportion of the finest particles (grain size < 2 μm) increased
towards the deeper bottoms (Table 1). The coarsest sediment
was found at the shallowest station 1, however, the largest
particles were fine grained and included in the category of fine
sand, 63–200 μm (Table 1). The water content of the surface
sediment increased towards the deeper bottoms in the
Storfjärden Bay varying from 90% at station 1 to 98% at
station 3 in May (Table 2). The highest water content, 99%,
was measured at station 4 where the organic content as LOI,

Norg, and Corg was also highest (22.7%, 2.10%, and 10.7%,
respectively). At the other stations that showed lower values
compared with station 4, the organic content as LOI, Norg, and
Corg increased with water depths (Table 2). In August, sedi-
ment characteristics were similar to those in May. The water
and organic content increased along the water depths, with
station 4 being the exception and showing the highest values
for all parameters (Table 2).

In May at the time of the experimental sediment core with-
drawal, temperature in near-bottom water showed only small
variations between stations, from 4.0 to 5.0 °C, and the water
was well oxidized (range for DO: 352–384 μmol l−1)
(Table 2). In August, the presence of a thermal stratification
of the water column was shown by temperature differences
between shallowwater stations (17.5–20.5 °C) and deepwater
station (5.4 °C). Comparable, the dissolved oxygen showed
lowest values at the deepest and highest values at the most

Fig. 2 Current velocity (cm s−1),
the critical current velocity (cm
s−1) at 1 m above the bottom
(U100) in May and August, 2 ×
τcrit current velocity (U′) (cm s−1)
in May and August, and salinity
(psu) for (a) station 2 and (b) sta-
tion 4
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shallow station ranging from 189 to 259 μmol l−1 (Table 2).
The concentrations were clearly lower in August than in May
though near-bottom waters were still well oxygenated.

Turbidity and Oxygen Concentrations
in the Experimental Columns

Turbidity

Turbidity data showed a consistent pattern at all stations
in May with a significant increase in turbidity with re-
suspension and no turbidity changes in the control col-
umns (Fig. 3). In August, there were also no changes in
turbidity in the C-columns at stations 1 and 3 (Fig. 3).
The turbidity decrease at station 2 was probably related
to a small disturbance of the column when sampled.
The turbidity values of the C-columns at station 4
showed an increase, which, however, was very low
compared with the values in the R-columns after the
treatment. Apart from station 2, resuspension signifi-
cantly increased turbidity in the R-columns of all other
stations (Fig. 3).

Dissolved Oxygen

In May at the beginning of the incubations, the oxygen
concentration was around 350 μmol l−1 in the C-columns
of each station and remained unchanged until the end of

the experiments (Suppl. 1). In the R-columns, resuspension
resulted in statistically significant decreases in the oxygen
concentration for every station (Suppl. 1). In August, the
oxygen concentrations were lower and the concentration
changes less consistent in the C- and R-columns than in
May. However, the conditions remained always oxic (>
190 μmol l−1) and resembled those recorded in situ
(Suppl. 1, Table 2).

Nutrient Fluxes in the Experimental Columns

In May, statistically significant control fluxes in the C-
columns were observed only for DIP at station 1 (− 0.01 ±
0.004) (mean ± SD) and for NOx at station 4 (0.36 ± 0.25mmol
m−2 day−1) (Table 3). In August, also very few statistically
significant control fluxes were measured: at station 2 for
NOx 0.38 ± 0.18 mmol m−2 day−1; at station 4 for NH4

+

6.28 ± 1.40 mmol m−2 day−1, NOx 0.23 ± 0.06 mmol m−2

day−1, and DOC 60.8 ± 23.1 mmol m−2 day−1 (Table 3).
Resuspension resulted in detectable benthic effluxes of the

studied solutes approximately in half of the cases in May and
August when all nutrients and stations were considered
(Table 3). Mainly, the effluxes were observed for NH4

+,
NOx, and DSi (Table 3). The highest resuspension-induced
NH4

+ efflux was measured at station 4 in August, 74.5 ±
17.6 mmol m−2 day−1, while for the other stations, the effect
was markedly lower (t12 = 3.15, p < 0.05) (Table 3). The
highest NOx fluxes were measured for the stations 3 (2.89 ±

Fig. 3 Mean turbidity values (NTU) (± standard deviation, SD) in the
control columns (C) in the beginning and at the end of experiments, and in
the resuspension columns (R) before and after the resuspension treatment

for different stations. The p values of paired t test presented on top of the
turbidity bars, df = 2 for C-columns and df = 3 for R-columns. Significant
differences (p < 0.05) denoted with bold p values
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0.57 mmol m−2 day−1) and 4 (5.30 ± 3.17 mmol m−2 day−1) in
May (t15 = 3.29, p < 0.05). In August, resuspension resulted in
lower fluxes that ranged from 1.30 to 1.76 mmol m−2 day−1

(Table 3). As the NH4
+ flux, the resuspension-induced DSi

flux was highest at station 4 in August, 99.3 ± 13.9 mmol
m−2 day−1 (Table 3). The effluxes ranged from 14.3 to
35.1 mmol m−2 day−1 in May and August at the other stations
(Table 3). DIP showed significant effluxes due to resuspen-
sion only in May (station 3: 0.95 ± 0.48 mmol m−2 day−1;
station 4: 0.76 ± 0.49 mmol m−2 day−1), whereas significant
DOP effluxes were recorded at stations 2 and 4 in May and at
station 1 in August, the range being from 0.20 to 0.70 mmol
m−2 day−1 (Table 3). Significant resuspension-induced fluxes
of DOC were measured only in August at stations 2 (553 ±
270 mmol m−2 day−1) and 4 (683 ± 300 mmol m−2 day−1)
(Table 3). No detectable fluxes of DON were measured for
any of the stations in May or August (data not shown).

A comparison of control and resuspension-induced
benthic fluxes measured in the experimental columns
were conducted. The control flux of NOx constituted 7%
of the resuspension-induced flux at station 4 in May. In
August at the same station, the control fluxes for NH4

+,
NOx, and DOC constituted 8%, 15%, and 9% of the
resuspension-induced fluxed, respectively. At station 2,
the control flux of NOx consti tuted 22% of the
resuspension-induced flux in August (Table 3).

Diffusive Fluxes Based on the Concentration Gradient
in the Sediment-Water Interface

Most of the solutes showed higher near-bottom concentrations
in August than inMay at the study stations (Table 4). In spatial
comparisons, the near-bottom concentrations of inorganic sol-
utes (NH4

+, NOx, DIP, and DSi) were highest at station 3 in
August (t24 = 2.88, p < 0.05). In May, this was also the case
(t24 = 2.88, p < 0.05), but station 4 showed values of similar
level for NOx and DSi. The organic solutes (DOP, DON)
showed no differences between stations in May, whereas the
lowest concentrations for DON and DOC were found at sta-
tion 3 in August (t24 = 2.88, p < 0.05) (Table 4).

In general, the concentrations of studied solutes in the pore
water seemed to be higher at every station before the August
experiments compared with May experiments, but due to high
deviation among replicates, only few statistically significant
differences were detected. Station 1 showed higher concentra-
tions in the end of July for three solutes, NH4

+, DIP, and DSi,
and station 3 for NOx (Table 5). In addition to the solutes
determined from the near-bottom water, the concentration of
DFe was determined for the pore waters and a significant
difference between April and July was found only at the sta-
tion 1 (Table 5). The spatial pairwise comparisons showed that
the concentration of DFe was lowest at stations 3 and 4 in
April (t7 = 3.64 p < 0.05) and July (t8 = 3.48, p < 0.05). The

Table 3 Control (C-columns) and resuspension-induced (R-columns)
benthic nutrient fluxes (mmol m−2 day−1) measured from the experimen-
tal columns at different stations. Fluxes are marked with italic font, when

statistically significant fluxes in both, the C- and R-columns, were detect-
ed for a certain solute (paired t test: df = 2 for C-columns and df = 3 for R-
columns, flux value given, if p < 0.05)

Station NH4
+ NOx DIP DSi DOP DOC

Mean flux (± SD) in C-columns (mmol m−2 day−1)

May 1 * * 0.01 ± 0.04 * * NA

2 * * * * * NA

3 * * * * * NA

4 * 0.36 ± 0.25 * * * NA

August 1 * * * * * *

2 * 0.38 ± 0.18 * * * *

3 * * * * * *

4 6.28 ± 1.40 0.23 ± 0.06 * * * 60.8 ± 23.1

Mean flux (± SD) in R-columns (mmol m−2 day−1)

May 1 * * * * * NA

2 * * * 14.3 ± 5.69 0.35 ± 0.16 NA

3 * 2.89 ± 0.57 0.95 ± 0.48 32.1 ± 15.5 * NA

4 1.93 ± 1.00 5.30 ± 3.17 0.76 ± 0.49 35.1 ± 12.7 0.20 ± 0.09 NA

August 1 5.22 ± 2.85 1.30 ± 0.58 * 19.4 ± 7.67 0.70 ± 0.41 *

2 8.18 ± 3.18 1.76 ± 0.27 * * * 553 ± 270

3 * * * * * *

4 74.5 ± 17.6 1.49 ± 0.15 * 99.3 ± 13.9 * 683 ± 300

*flux insignificant, i.e., p > 0.05

NA, no data
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lowest DFe/DIP ratios (1.2 in April, 1.5 in July) were mea-
sured for station 4 that differed significantly, apart from station
3, from the other stations in April (t7 = 3.64, p < 0.05) and July
(t8 = 3.48, p < 0.05) (Table 5). The DFe/DSi ratios were lowest
in the stations 3 and 4 in April (t7 = 3.64, p < 0.05) and July (t8
= 3.48, p < 0.05) but showed no temporal differences for any
of the stations (Table 5).

In general, the diffusive fluxes at the sediment-water
interface (SWI-diffusive fluxes) based on the concentration
gradient between the pore water (top-most 1 cm) and near-
bottom water showed no differences for the solutes at the
different stations between May and August. The only ex-
ceptions were NH4

+ (t4 = 4.27, p = 0.013) and DIP (t2.2 =
4.62, p = 0.036) with higher fluxes in August, and NOx

with a lower flux (t2.1 = 4.07, p = 0.049) in August at
station 1 (Table 6).

On the studied dates, the SWI-diffusive fluxes of
NH4

+ and NOx ranged from 0.02 to 0.19 mmol m−2

day−1 and from 0.01 to 0.03 mmol m−2 day−1, respec-
tively. The fluxes of DIP and DSi ranged from 0.03 to
0.27 mmol m−2 day−1 and from 0.28 to 0.98 mmol m−2

day−1, respectively. Among the organic solutes, DOC
showed the highest range varying from − 0.24 to

0.73 mmol m−2 day−1, whereas DON ranged from
0.08 to 0.21 mmol m−2 day−1 and DOP from < 0.01
to 0.04 mmol m−2 day−1 (Table 6).

Discussion

Frequency of Resuspension Events in the Study Area
and Relevance of the Treatment Level
of the Experiments

The LABEREX chamber has been validated in an inter-
calibration study comprising several chambers for resus-
pension and sediment flux studies (Tengberg et al.
2005), and applied in several resuspension studies in
the Baltic Sea area (Christiansen et al. 2002; Lund-
Hansen et al. 2002). A comparison shows that present
critical shear stresses in GoF are very similar to those
obtained in the studies for comparable water depths and
sediment conditions. Although the surface sediments of
the stations studied here seemed to be fairly sheltered
based on the critical shear stress values measured for
spring and summer, these values were exceeded several

Table 4 Initial mean concentrations of the solutes (± SD) (μM) in the near-bottom water in the experiment cores in the beginning of the experiments in
May and August (NA, no data). Statistical results of the Student’s two-sample t test for the comparisons between May and August

Solute (μM) Station 1 Station 2 Station 3 Station 4

May

NH4
+ 0.30 ± 0.11 0.50 ± 0.26 2.44 ± 1.37 0.73 ± 0.19

NOx NA 0.29 ± 0.10 0.99 ± 0.20 0.97 ± 0.37

DIP 0.28 ± 0.03 0.36 ± 0.02 0.65 ± 0.10 0.48 ± 0.05

DSi 6.34 ± 0.50 9.26 ± 1.93 13.7 ± 2.53 13.0 ± 1.66

DON 19.5 ± 1.04 19.5 ± 1.27 19.2 ± 0.94 20.8 ± 2.20

DOP 0.24 ± 0.02 0.19 ± 0.02 0.21 ± 0.11 0.23 ± 0.03

DOC NA NA NA NA

August

NH4
+ 1.75 ± 0.66 3.27 ± 0.39 9.26 ± 1.52 4.36 ± 0.97

NOx 0.10 ± 0.03 0.32 ± 0.11 3.97 ± 0.88 0.19 ± 0.08

DIP 0.29 ± 0.05 0.39 ± 0.02 1.59 ± 0.29 0.42 ± 0.06

DSi 13.0 ± 1.58 14.8 ± 1.97 30.8 ± 6.13 17.3 ± 2.39

DON 27.6 ± 2.31 22.8 ± 1.52 19.8 ± 3.86 25.3 ± 2.68

DOP 0.29 ± 0.03 0.27 ± 0.02 0.25 ± 0.08 0.32 ± 0.05

DOC 674 ± 36 641 ± 92 362 ± 70 619 ± 15

Difference May vs August, t test: tdf, p value

NH4
+ t12 = − 10.3, p < 0.001 t12 = − 11.6, p < 0.001 t12 = − 7.80, p < 0.001 t12 = − 14.8, p < 0.001

NOx NA t11.2 = − 0.59, p = 0.568 t10.4 = − 10.5, p < 0.001 t11.8 = 7.80, p < 0.001

DIP t10.3 = − 0.48, p = 0.642 t11.3 = − 2.49, p = 0.029 t10.2 = − 8.53, p < 0.001 t9.8 = 1.90, p = 0.086

DSi t10.5 = − 13.6, p < 0.001 t10.0 = − 5.35, p < 0.001 t10.5 = − 7.04, p < 0.001 t11.7 = − 4.14, p = 0.001

DON t10.1 = − 9.36, p < 0.001 t12 = − 4.36, p = 0.001 t12 = − 0.15, p = 0.884 t12 = − 3.56, p = 0.004

DOP t11.5 = − 4.56, p = 0.001 t10.9 = − 8.75, p < 0.001 t11.9 = − 0.99, p = 0.341 t10.2 = − 4.22, p = 0.002

DOC NA NA NA NA
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times in the Storfjärden. The 2 × τcrit current velocities
(U′) applied for resuspension in the experiments were
mainly exceeded in autumn and winter, but also in
spring. The studied summers of 2014 and 2015 were
both quiescent, and the 2 × τcrit current velocities used
in the experiments in August were not exceeded.
However, current velocities of similar magnitudes and
fast exchanges of large water masses due to upwelling
events have been observed in the study area (Haapala
1994; Niemistö et al. 2018). Therefore, it is assumed
that the nutrient fluxes reported here represent the po-
tential level of internal nutrient loading in case of a
resuspension event.

Turbidity and Oxygen Concentrations
in the Experimental Columns

The turbidity values measured in May revealed no changes in
the C-columns but significant increases in the R-columns for
every station, indicating undisturbed sediment core withdraw-
al and successful resuspension treatment. In August, the de-
velopment of turbidity values was almost as consistent, how-
ever, with few exceptions. The increase in turbidity in the C-
columns of the most organic station 4 seemed to be due to gas
bubbling (visual observation) resulting from organic material
degradation and pressure change after sediment core with-
drawal. The turbidity decrease in the C-columns and non-

Table 5 Pore water concentrations of NH4
+, NOx, DIP, DSi, DON, DOP, DOC, andDFe of the surface sediment (0–1 cm) at the studied stations 1week

before the experiments in spring and summer (NA, no data). Statistical results of Student’s two-sample t test for the comparisons between studied months

Solute (μM)/ratio Station 1 Station 2 Station 3 Station 4

28 April

NH4
+ 15.4 ± 0.95 38.7 ± 8.46 28.9 ± 8.16 37.8 ± 8.42

NOx 2.54 ± 1.17 2.60 ± 0.91 2.86 ± 1.38 2.55 ± 0.71

DIP 4.66 ± 1.73 8.47 ± 5.02 6.96 ± 5.10 7.28 ± 1.01

DSi 47.5 ± 0.16 76.4 ± 14.1 39.0 ± 9.41 51.7 ± 16.1

DON 101 ± 32.8 91.5 ± 13.2 109 ± 11.9 86.7 ± 16.3

DOP 3.22 ± 3.90 1.97 ± 0.74 1.00 ± 0.32 0.93 ± 0.36

DOC NA NA NA NA

DFe 94.0 ± 3.80 98.5 ± 25.8 16.4 ± 9.06 9.55 ± 8.88

DFe/DIP 19.5 ± 6.2 14.9 ± 9.0 2.7 ± 0.9 1.2 ± 1.0

DFe/DSi 2.0 ± 0.1 1.3 ± 0.4 0.4 ± 0.1 0.2 ± 0.1

29 July

NH4
+ 62.6 ± 19.8 32.4 ± 10.5 33.2 ± 2.49 90.5 ± 64.7

NOx 2.35 ± 0.67 3.00 ± 0.35 6.08 ± 0.15 1.99 ± 0.22

DIP 46.2 ± 14.3 28.4 ± 17.6 11.8 ± 1.13 30.1 ± 30.7

DSi 123 ± 24.1 95.0 ± 39.1 56.8 ± 6.50 88.3 ± 40.1

DON 107 ± 35.0 67.6 ± 2.35 124 ± 28.2 106 ± 11.1

DOP 9.46 ± 7.40 11.1 ± 7.55 2.45 ± 0.81 0.98 ± 1.00

DOC 1070 ± 194 490 ± 187 692 ± 84.4 985 ± 432

DFe 193 ± 34.5 143 ± 89.5 32.2 ± 4.74 28.9 ± 13.7

DFe/DIP 4.4 ± 1.2 5.1 ± 0.1 2.7 ± 0.3 1.5 ± 1.0

DFe/DSi 1.6 ± 0.2 1.4 ± 0.5 0.6 ± 0.1 0.3 ± 0.1

Difference April vs July, t test: tdf, p value

NH4
+ t3 = 4.26, p = 0.050 t4 = 0.80, p = 0.469 t2.4 = 0.87, p = 0.464 t4 = 1.40, p = 0.234

NOx t3 = 0.21, p = 0.862 t4 = 0.71, p = 0.536 t4 = 4.03, p = 0.016 t2.4 = 1.31, p = 0.303

DIP t3 = 4.96, p = 0.035 t4 = 1.88, p = 0.183 t2.2 = 1.60, p = 0.240 t4 = 1.29, p = 0.267

DSi t3 = 5.43, p = 0.032 t4 = 0.78, p = 0.504 t3.6 = 2.69, p = 0.062 t2.6 = 1.47, p = 0.251

DON t3 = 0.15, p = 0.892 t2.1 = 3.08, p = 0.084 t2.7 = 0.87, p = 0.454 t3.5 = 1.72, p = 0.170

DOP t3 = 0.93, p = 0.420 t4 = 2.08, p = 0.106 t2.6 = 2.89, p = 0.074 t3 = 0.93, p = 0.424

DOC NA NA NA NA

DFe t3 = 4.94, p = 0.036 t4 = 0.83, p = 0.482 t3.0 = 2.68, p = 0.075 t3.4 = 2.06, p = 0.120

DFe/DIP t3 = 4.16, p = 0.047 t4 = 1.91, p = 0.129 t2.6 = 0.13, p = 0.905 t4 = 0.32, p = 0.764

DFe/DSi t3 = 3.02, p = 0.057 t3.7 = 0.19, p = 0.856 t3.3 = 1.97, p = 0.136 t3.7 = 1.60, p = 0.192
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significant effect of the resuspension at station 2 could, how-
ever, be related to a slight disturbance during sediment sam-
pling or high pre-incubation turbidity due to bioturbation at
the time of sample withdrawal (Davis 1993). Indicative of
this, the raised turbidity values were recorded in all C- and
R-columns from this station prior to the experiments.

The presence or absence of dissolved oxygen is fundamen-
tal for the occurrence of some redox-sensitive soluble nutri-
ents such as DIP, DSi, and DOC (e.g., Gunnars and Blomqvist
1997; Sigg and Stumm 1981; Anderson and Benjamin 1985;
Skoog and Arias-Esquivel 2009), and also for biological pro-
cessing of different nitrogen forms via nitrification and deni-
trification (Thamdrup and Dalsgaard 2008). As the experi-
mental set-up was not air tight, the aim of the present study
was not to calculate exact benthic oxygen fluxes but retain the
conditions similar to in situ conditions. The slow mixing of
water in the experimental columns with magnetic bars and
slight exchange of air through the top of the columns expect-
edly retained the oxygen concentration at the pre-
experimental level in the C-columns of every station during
the May experiments. Although the conditions were not as
consistent in August, the changes were minor and oxygen
concentrations similar to the in situ conditions. Therefore, it
can be concluded that experimental set-up was relevant to
study redox-sensitive nutrients in shallow oxic bottoms.

Control, SWI-diffusive, and Resuspension-Induced
Nutrient Fluxes

Due to the short experiment time, very few control fluxes were
detected in the incubations. Most of these fluxes were mea-
sured in August for station 4 having the most organic rich
sediment. This suggests that bacterial degradation of organic
material and nutrient regeneration was higher in August at this
station compared with the other stations. The conclusion was
supported by the fact that the activity of heterotrophic bacteria
in the studied area has been observed to be highest during the

warm summer months (Vetterli et al. 2015). Additionally, the
nutrients that showed significant control fluxes were NH4

+,
NOx, and DOC indicating organic material degradation and
nitrification of ammonium (Ståhl et al. 2004; Thamdrup and
Dalsgaard 2008). However, the detected control fluxes (ob-
served in 5 occasions out of 21 significant resuspension-
induced fluxes) constituted only up to 7–22% of the
resuspension-induced fluxes stressing the importance of pos-
sible resuspension events for the benthic nutrient entrainment
at the study area. It is common that the resuspension-induced
benthic fluxes exceed the fluxes of undisturbed sediments
(e.g., Reddy et al. 1996). The control fluxes, in turn, were
more than one order of magnitude higher than the SWI-
diffusive fluxes. Such discrepancies are commonly observed
(e.g., Barbanti et al. 1992; Berelson et al. 2015) and consid-
ered to be due to lack of physical factors (slow currents, gas
ebullition) and bioturbation related processes in the diffusive
flux calculations based on concentration gradient in the
sediment-water interface (e.g., Barbanti et al. 1992). A slow
mixing was induced in the experimental columns to avoid
unnaturally stagnant conditions and concentration gradients
to be established. Additionally, normal benthic fauna was
present in the experimental sediments. These factors could
explain the observed discrepancies between the control fluxes
and SWI-diffusive fluxes. Because the control incubations
were short and very few fluxes were detected, the SWI-
diffusive fluxes provided a baseline for the diffusion of ben-
thic nutrients in the studied area and pointed out that diffusion
is of minor magnitude in comparison to resuspension-induced
nutrient fluxes.

Resuspension-Induced NH4
+ and NOx Fluxes

The highest resuspension-induced NH4
+ flux was measured in

August at station 4 having the highest organic content. This
result is in concordance with the earlier findings of Almroth-
Rosell et al. (2012) who observed the highest instantaneous

Table 6 Diffusive fluxes (mmolm−2 day−1) of each solute based on the concentration gradient between the pore water of the surface sediment (0–1 cm)
and near-bottom water (termed as the SWI-diffusive fluxes)

Mean flux (± SD) (mmol m−2 day−1)

Station NH4
+ NOx DIP DSi DON DOP DOC

28 April 1 0.02 ± 0.004 0.03 ± 0.01 0.03 ± 0.03 0.42 ± 0.29 0.16 ± 0.06 0.01 ± 0.02 NA

2 0.05 ± 0.01 0.03 ± 0.01 0.08 ± 0.05 0.98 ± 0.21 0.21 ± 0.14 0.01 ± 0.003 NA

3 0.03 ± 0.01 0.02 ± 0.01 0.06 ± 0.05 0.38 ± 0.14 0.18 ± 0.02 < 0.01 NA

4 0.05 ± 0.01 0.02 ± 0.01 0.07 ± 0.01 0.54 ± 0.32 0.14 ± 0.03 < 0.01 NA

29 July 1 0.09 ± 0.03 0.01 ± 0.002 0.27 ± 0.09 0.82 ± 0.18 0.11 ± 0.05 0.03 ± 0.02 0.53 ± 0.26

2 0.06 ± 0.02 0.01 ± 0.002 0.24 ± 0.15 0.84 ± 0.41 0.08 ± 0.004 0.04 ± 0.03 − 0.24 ± 0.35

3 0.05 ± 0.01 0.01 ± 0.001 0.09 ± 0.01 0.28 ± 0.07 0.20 ± 0.05 0.01 ± 0.004 0.03 ± 0.16

4 0.19 ± 0.14 0.01 ± 0.001 0.27 ± 0.27 0.79 ± 0.45 0.16 ± 0.02 < 0.01 0.73 ± 0.86
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increase in the NH4
+ concentration due to resuspension of sed-

iment with the highest organic content. Additionally, as men-
tioned above, the degradation of organic material during the
productive season (Vetterli et al. 2015) resulted in high NH4

+

pore water concentrations in August, which would also explain
the significant NH4

+ fluxes observed at stations 1 and 2.
The resuspension-induced NH4

+ fluxes measured in the
present study were from 10- to 20-fold higher than fluxes
recorded during the in situ studies conducted with Göteborg
Benthic landers in the same area close to stations 1 and 2
(near-bottom oxygen concentrations comparable to the
present study) (Niemistö et al. 2018). In fact, the
resuspension-induced decrease of the benthic NH4

+ flux was
observed in the in situ study of Niemistö et al. (2018) with
incubation periods of 12 h, which was suggested to be due to
enhanced nitrification. We emphasize that only the instanta-
neous effects of resuspension were studied here, and the treat-
ment levels of these two studies were most likely different.
However, the short resuspension treatment by the LABEREX
chamber caused a decrease of dissolved oxygen and strong
increase of NH4

+ in near-bottom water indicating that the sur-
face sediment was aerated and rich in substrate for nitrifica-
tion. Nitrification is a biologically mediated process having
rates unlikely to be observed within the timescale of our treat-
ment (e.g., Thamdrup and Dalsgaard 2008; Jäntti et al. 2011).
It is accordingly possible that similar development (i.e., in-
crease in NOx and decrease in NH4

+ concentration) for
NH4

+ or NOx fluxes as in Niemistö et al. (2018) could have
been observed in this study, provided that concentrations were
measured for a longer time period following the resuspension.

Nitrifying bacteria requires oxygen and NH4
+ to produce

NOx (Thamdrup and Dalsgaard 2008; Jäntti et al. 2011). In the
studied area, the highest nitrification potential has been ob-
served in spring during high oxygen supply, but the highest
nitrification rates has been measured in summer when the
NH4

+ supply is at its greatest (Jäntti et al. 2011). These pre-
requisites and the background knowledge of nitrification rates
in the study area suggest that the highest NOx fluxes in our
experiments should have been observed in August. Since the
highest instantaneous NOx fluxes were measured in May, it is
obvious that locally nitrification can be intensive also during
spring providing that the supply of NH4

+ is high, as was the
case in the two most organic stations 3 and 4.

The results of the present study demonstrated the instanta-
neous effects of resuspension on the benthic NH4

+ and NOx

fluxes. However, it is worth noticing that resuspension may
contribute to different nitrogen transformation pathways and
thereby to benthic fluxes of different nitrogen species also in
the longer term. For instance, by introducing more oxygen in
the surface sediment, resuspension may decrease NH4

+ fluxes
by promoting nitrification as has been observed in the studied
area by Niemistö et al. (2018), and also shown in other studies
(Spagnoli and Bergamini 1997; Almroth-Rosell et al. 2012).

This in turn could be expected to enhance the subsequent
denitrification that depends on the supply of NOx

(Thamdrup and Dalsgaard 2008).

Resuspension-Induced DSi Fluxes

The resuspension-induced DSi fluxes were from 1 to 2 orders
of magnitude higher than the SWI-diffusive fluxes of the pres-
ent study or the diffusive fluxes presented by the other studies
conducted in the same area (Villnäs et al. 2013; Tallberg et al.
2017; Niemistö et al. 2018). Our results showed the impor-
tance of resuspension for the sediment-water cycling of Si in
the study area, and is in concordance with the previous studies
that have shown the stimulation of desorptive fluxes by resus-
pension, and the subsequent exposure of sediment particles to
variation in pore water concentrations (e.g., Rutgers van der
Loeff et al. 1984; Shum 1993; Gehlen and Van Raaphorst
2002), The present instantly induced (10-min treatment +
10-min slow stirring) DSi fluxes were high compared with
the previous study conducted on longer time scales (12–70
h) in GoF (Almroth et al. 2009; Niemistö et al. 2018). In fact,
the longer time scale treatments resulted in the decrease of the
benthic DSi flux (Almroth et al. 2009; Niemistö et al. 2018).
On the other hand, high increase in the concentration of DSi
has been observed after the initiation of a strong resuspension
treatment from other marine areas (Almroth-Rosell et al.
2012). Here, a 2-fold concentration increase compared with
that was found. However, the 2 × τcrit current velocities ap-
plied in the present resuspension treatments are commonly
observed in the study area during upwelling events in spring
and summer (Haapala 1994). This suggests that the treatment
was of a relevant magnitude to study resuspension-induced
benthic fluxes.

The resuspension-induced high pulse of DSi as a first rapid
response in the present study and the decrease in the benthic
DSi flux during a longer experiment periods found by other
studies (Almroth et al. 2009; Niemistö et al. 2018) are not
contradictive, but rather present the normal desorption-
adsorption reactions of DSi in the case of sediment surface
disturbance. After initiation of resuspension, surface sediment
particles are mixed to the near-bottom water with lower DSi
concentration than in the pore water, which may lead to de-
sorption of Si from particle surfaces (e.g., Gehlen and Van
Raaphorst 2002). In addition to this, DSi is readily in a dis-
solved form in the pore water and can be transported up into
the near-bottom water. On the other hand, also pore water DFe
will be introduced to near-bottomwater and in the oxygenated
conditions, as in the present study, new Fe-oxyhydroxides will
form and as effective adsorbents for DSi (Sigg and Stumm
1981; Anderson and Benjamin 1985), these substances may
decrease the benthic DSi flux (Almroth et al. 2009; Almroth-
Rosell et al. 2012; Niemistö et al. 2018). The latter is likely to
be observed in longer time scale incubations, although the
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formation of Fe-oxyhydroxides and subsequent adsorption of
DSi can occur in time scales of minutes (Wang and Van
Cappellen 1996; Gehlen and Van Raaphorst 2002).

The adsorption of DSi onto newly formed Fe-
oxyhydroxides would explain the high variation in the DSi
concentration increments between the replicates (even a de-
crease observed in few replicates) that resulted in non-
significant fluxes for some stations. The fact that the highest
DSi fluxes were observed at stations 4 (in Aug andMay) and 3
(in May), where the DFe:DSi ratios were lowest, corroborates
this theory. Additionally, benthic animals can strongly affect
DSi fluxes (Rutgers van der Loeff et al. 1984; Bonaglia et al.
2013). The two benthic macrofaunal taxa Macoma balthica
and Marezelleria spp. that showed the highest densities
among all the determined species in the experimental columns
of the present study are known to affect the benthic nutrient
fluxes in the study area (Kauppi et al. 2017). In general, the
nutrient effluxes are increased with the increasing density of
fauna and increasing organic content of the sediment (Kauppi
et al. 2017), which is likely due to enhanced mineralization of
organic material by fauna activity (Ståhl et al. 2004). The
highest mean densities (± SD) of Marezelleria spp. (902 ±
255 ind. m−2 in May vs 2256 ± 938 ind. m−2 in Aug) and
Macoma balthica (1038 ± 497 ind. m−2 in May vs 5188 ±
1066 ind. m−2 in Aug) were found from the most organic
stations 3 and 4, respectively. Accordingly, the highest
resuspension-induced DSi fluxes were recorded in stations 3
and 4 in May and in station 4 in August. Thus, the fluxes
seemed to be increased by the interplay of high abundance
of fauna and high organic content of the surface sediment.
Additionally, in station 4, the increase in the abundance of
Macoma balthica during summer most likely contributed to
the seasonal difference observed in the resuspension-induced
DSi flux. Finally, the highest flux being measured in August is
in concordance with the earlier findings that benthic DSi ef-
fluxes have shown positive temperature dependence (e.g.,
Lewin 1961) and tend to peak late in summer due to the slow
initial dissolution of the Si frustules formed in the diatom
spring bloom (Tallberg et al. 2013).

Resuspension-Induced DIP Fluxes

Statistically significant resuspension-induced DIP fluxes were
recorded only at stations 3 and 4 in May. These fluxes were of
similar level to the benthic fluxes measured from undisturbed
anoxic bottoms and approximately 10-fold to the fluxes mea-
sured from the oxic undisturbed bottoms in the GoF
(Viktorsson et al. 2012). Therefore, it can be stated that occa-
sionally resuspension events can induce marked benthic DIP
fluxes from the organic rich bottoms of the study area. The
fact that the significant fluxes were recorded only in two out of
eight experiments (all experiments in May and August con-
sidered) was most likely associated with the high DFe:DIP

ratios of the surface sediment. The molar ratios that apart from
station 4 showed values above 2 being an indication of strong
P-binding capacity of the surface sediment under the prevail-
ing oxic conditions (Gunnars and Blomqvist 1997).
Accordingly, the stations (3 and 4) that showed the statistically
significant DIP fluxes due to resuspension had the lowest
DFe:DIP ratios in the surface sediments.

The oxidation of soluble iron and the subsequent precipitation
of phosphates can occur in time scales of seconds (Wang andVan
Cappellen 1996). Thus, it was expected that in the time scale of
the resuspension treatment, 10-min resuspension + 10-min slow
stirring, DIP mixed into to near-bottom water would already be
precipitated with newly produced iron oxyhydroxides. As stated
above, apart from the two most organic rich study sites that
showed a high benthic flux of DIP due to treatment in May, this
seemed to be the case. However, on a longer time scale, phos-
phates bound to particles may be released again at the same
location, since resuspension can increase the benthic oxygen
consumption (Almroth-Rosell et al. 2012; Niemistö et al.
2018). Additionally, the phosphorus-rich particles may be
transported to areas suffering from hypoxia and be released there.

Resuspension-Induced Fluxes of Dissolved Organic Nutrients

Studies on benthic fluxes of dissolved organic nutrients in the
Baltic Sea sediments (Ekeroth et al. 2016) or even the nearby
areas as the Danish Straits (Ståhl et al. 2004) are sparse. Thus,
the diffusive fluxes presented here are valuable novel results.
Additionally, to the best of our knowledge, the present study is
the first to provide benthic fluxes of dissolved organic nutri-
ents induced by known current velocities. Here, resuspension-
induced fluxes for DOC and DOP were detected only in a few
experiments, and as in the case of other nutrients, these were
several times higher compared with the SWI-diffusive fluxes
or to the fluxes detected in the control columns. The SWI
fluxes for DON and DOP were, however, comparable to dif-
fusive fluxes observed in Baltic Sea sediments Ekeroth et al.
(2016). The SWI-diffusive fluxes of DOCwere comparable to
fluxes measured in Danish Straits (Ståhl et al. 2004) and at the
lower limits of fluxes observed from other shallow coastal and
estuarine areas by whole core laboratory incubations (e.g.,
Burdige and Homstead 1994) or by benthic chamber measure-
ments (e.g., Skoog et al. 1996; Burdige et al. 1999). The only
statistically significant flux of DOC observed in the control
columns for the high organic content station 4 in August was
two orders of magnitude higher than the SWI fluxes and at the
similar level as observed from coastal sediments after anoxic
treatment (Skoog and Arias-Esquivel 2009).

In most of the experiments, resuspension treatment caused
no detectable fluxes of dissolved organic nutrients (e.g., no
effects on DON). Most likely, as was the case for DIP and
DSi, this was associated with the formation of oxyhydroxides
due to oxidation of sedimentary DFe, and subsequent
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coprecipitation of organic dissolved molecules that were si-
multaneously mixed to near-bottom water during resuspen-
sion. Iron oxides are known to effectively adsorb organic com-
pounds (Balistrieri and Murray 1987; Skoog and Arias-
Esquivel 2009). High effluxes of DOC were observed at sta-
tions 2 and 4. Station 4 was the most organic and had the
lowest DFe concentration of pore water in the surface sedi-
ment of the four stations, which would explain this result.
Station 2 in turn, showed the highest DFe concentration of
the pore water of all the stations. Thus, the detected DOC flux
could simply result from the heterogeneity of the sediment at
this location and the treated sediments could have been col-
lected from an organic rich spot. The fact that the second
highest NH4

+ flux of all experiments was measured from the
same station supports this conclusion. In general, the DOC
fluxes and high NH4

+ fluxes being observed in August are
in concordance with the previous knowledge as also men-
tioned above that the activity of heterotrophic bacteria is at
its highest in summer (Vetterli et al. 2015). Additionally, the
mineralization rate of organic matter in the sediment is known
to positively correlate with the benthic DOC-efflux (Ståhl
et al. 2004).

As in the case of other redox-dependent nutrients, the ad-
sorption of dissolved organic nutrients on Fe-oxyhydroxides
may affect their transport to the deeper areas. Thus, if
transported to hypoxic or anoxic bottoms, they can be liberat-
ed back to the water column (Ståhl et al. 2004; Skoog and
Arias-Esquivel 2009). On the other hand, some of the benthic
organic nutrients that stay in the dissolved form in the water
column after resuspension-induced transport may be readily,
or after exoentsymatic hydrolysis, available for phytoplankton
(Berman and Bronk 2003; See et al. 2006; Korth et al. 2012).
Both particulate and dissolved organic nutrients of sedimen-
tary origin may also be a source of important main nutrients
for primary production, ammonium and phosphate, after be-
ing exposed to solar irradiation (Mayer et al. 2006; Kieber
et al. 2006; Southwell et al. 2010). Additionally,
resuspension-enhanced mineralization of benthic organic mat-
ter intensifies nutrient recycling into water column (e.g., Sloth
et al. 1996; Ståhlberg et al. 2006). Thus, the foreseen more
frequent and stronger resuspension events may contribute to
internal nutrient loading of shallow coastal areas also via in-
creased heterotrophic mineralization and photodegradation of
benthic organic nutrients.

Conclusions

Resuspension treatment (2 × τcrit) increased the concentrations of
the studied nutrients approximately in half of the experiments in
May and August. The resuspension-induced benthic effluxes of
nutrients were from one to two orders of magnitude higher than
the fluxes measured in the control columns of the experiments or

the diffusive fluxes based on the concentration gradient between
the pore waters of the surface sediment and near-bottom water.
The effluxes quantitatively connected to known current veloci-
ties, which are novel knowledge in this respect and in the Gulf of
Finland, were mainly detected for NH4

+, NOx, and DSi, but
marked effluxes were measured also for DIP, DOP, and DOC
in a few experiments.

Mineralization of organic material increased the pore
water concentrations of nutrients on the course of the
growth season and resulted in high resuspension-induced
effluxes especially at the organic rich stations in August.
In addition to the heterogeneity of the studied sediments,
the precipitation/adsorption of redox-dependent nutrients,
DIP, DSi, and dissolved organic nutrients, onto newly
formed iron oxyhydroxides were the most likely reasons
for the result that the resuspension-induced effluxes were
not consistently observed in all of the experiments. This
was evidenced by the highest effluxes being measured for
the stations with the lowest DFe concentrations in the
pore water. High NH4

+ and NOx effluxes were attributed
to the high organic content of sediments, but in the case
of NOx also to the high supply of oxygen, and thus the
highest effluxes were measured in spring.

According to the near-bottom current velocity recordings,
the critical shear velocities and the current velocities applied in
the experiments were infrequently exceeded over the periods
of nutrient flux experiments. However, the climate changewill
result in stronger and more frequent resuspension events and
thus most likely enhance the cycling and internal loading of
nutrients in the shallow coastal areas of the Baltic Sea as in
other similar marine areas. The benthic nutrient effluxes re-
ported here were induced with known forces and current ve-
locities and may thus be utilized in modeling approaches
aiming at assessing the internal nutrient loading and the levels
of external loading reductions that will be needed to minimize
the effects of eutrophication in the Baltic Sea in a changing
climate.
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